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Abstract 

I discuss an idea which could lead to a methodology for testing the effects 
of WIMP DM scattering and capture onto primordial stars. It relies on 
the effects of "life prolongation" of affected PopIII stars, that can slow down 
nuclear reactions by supporting their own structure with the energy produced 
by annihilating DM captured inside the star. This can lead to an alteration 
of the Pair Production SuperNova rate, which could constitute a peculiar 
signature of the existence of capture Dark Stars. 
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Prolegomena 

In the last two years there has been considerable activity to understand the 
effects of Weakly Interacting Massive Particles (WIMP) dark matter (DM) 
on the first stars to form in a ACDM Universe, the Population III (PopIII). 
PopIII affected by WIMPs are commonly referred to as "Dark Stars"; in 
the following I will use this name for sake of simplicity, although preceded 
by gravitational and capture (dominated) to avoid any misunderstanding be- 
tween completely different phenomena, that rely on diverse properties of the 
DM particle. In this Section, I will briefly summarize the state of the art of 
the field and identify the key-issues relevant to detection possibihties. Read- 
ers are addressed to the original references for a thorough discussion of the 
parameter dependence and details about the values adopted. 

PopIII are thought to form by the very smooth collapse of the first 
(9(10^Mq) dm and gas haloes to undergo non-linear collapse at redshifts 
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z<30. Several groups, working at simulations with different techniques agree 
in describing the PopIII stellar formation as very different from local, low- 
redshift one, with remarkable effects such as the formation of a single, massive 
star per halo at its very center. Such objects are thought to live short lives 
- ~10^yr - and, depending on their mass, either directly collapse to a 
Black Hole or explode as Pair Production Super Novae (PPSN), up to 100 
times more powerful than normal typell SN; for a review of the state of the 
art of the field, see e.g Weakly Interacting Massive Particles (WIMPs) 
are well motivated dark matter particle candidates, being the Lightest Su- 
persymmetric Partner of the standard model, see e.g. j2| for reviews. Stable 
in models with R-parity conservation, they bear the remarkable properties 
to be self-annihilating and weakly coupled to standard model particles. 

In jsl, the authors first showed that following the gas cooling and collapse, 
DM can concentrate in the center forming a steeper than NFW profile (to 
which I will refer in the following using the term "cusp" ) , and that this con- 
jures in such a way that (for a wide range of DM masses and self-annihilation 
cross-sections) the heating induced by DM annihilation can overcome the 
feeble cooling of the pre-stellar cloud. The authors speculated this could 
generate a long-lasting equilibrium phase, and named the resulting astro- 
physical object a Dark Star, in the following I will refer to the condition in 
which gas cooling and DM heating rates equal as "transition point". This 
phase involves no scattering of DM off the gas: the WIMPs are gravitation- 
ally contracted by the gas collapse, and self-annihilate thus constituting an 
(additional) energy source; these effects are more efficient at late times dur- 
ing star formation, but yet far from the actual proto-star assembling. The 
results of [3], based on gas and DM profiles from three-dimensional simula- 
tions (without DM feedback on the chemistry or the equation of state of the 
system) confirmed the results of up to the reach of the transition point, 
falling below simulation resolution afterwards. 

In jsf, the authors have studied the collapse phase of the gas preceding 
the transition point, investigating whether non-linear effects induced by the 
heating following DM annihilation could modify the properties of the gas 
before getting to it. They concluded that although DM annihilation does 
influence the properties of the gas even at intermediate states, changes are 
not so dramatic to modify the Jeans mass. Although this intermediate phase 
clearly deserves more study, and the behavior of the gas cooling and collapse 
in presence of DM annihilation need to be better understood, current results 
hint that the transition point can be reached without dramatic changes in 
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presence of feedback between DM annihilation and the gas chemistry. 

Once the formation of a proto-stellar object is achieved, the problem be- 
comes to understand the evolution of an hydrostatic gas structure sustained 
by an underlying profile of self-annihilating DM, gravitationally coupled to 
the baryons; this has been addressed in U0, @] with different approaches. 
As of now, the results of the two groups seem to be discrepant: the authors of 
0, [sj find that the DM concentrated inside the hydrostatic structure can sus- 
tain it against gravitational collapse for times of O (lO^yr), thus letting the 
seed object accrete several hundreds of solar masses before igniting nuclear 
reactions; according to this scenario the main outcome of the gravitational 
Dark Star mechanism is a population of supermassive objects of O (SOOM©). 
The authors of do instead find a much less pronounced characteristic fea- 
ture: a gravitational Dark Star is delayed in its normal path toward the Zero 
Age Main Sequence of up to no more than lO^yr. This finding is obtained 
in absence of any gas accretion onto the seed object, it is however clear that 
even including accretion at the same rates used by 0, S], the mass of the 
final object cannot be altered dramatically; this is also confirmed by recent 
findings of the authors of |6|, so far released in several seminars and which 
will soon made public. Here I will rely on the latter scenario, in which the 
final outcome of the gravitational Dark Star mechanism, is a population not 
much dissembling the standard one, and slightly more massive, depending 
on parameters. 

Capture phase 

Before studying the effects of the gravitational phase on the baryonic struc- 
ture, it was also realized by [2] that the peculiar formation of a PopIII star 
at the bottom of the gravitational potential -at the center of the formed DM 
cusp- would dramatically enhance the effects of WIMP capture (and subse- 
quent annihilation) on the star, would it eventually form. It is to be noticed 
that this is a very different mechanism from the gravitational contraction, 
and it relies on weak interactions between baryons and WIMPs external to 
the star; a thorough review of the physics involved in this mechanism can be 
found in l^], whereas a more qualitative description of the differences be- 
tween the two processes is summarized in ll|. Capture effects are irrelevant 
in early stages of evolution (and during the gravitational phase), typically 
starting to become relevant when the star is already on the Hayashi track, 
see joj . The effects of WIMP capture from an external reservoir on the evo- 
lution of the first metal- free stars were studied in (g], [l^, 13 1 and the results 
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of the different groups are in remarkable agreement. The outcome can be 
summarized as follows: i) the lifetime of the star is prolonged (virtually up 
to higher than a Hubble time) in presence of high enough DM densities out- 
side the star (environmental), as DM "fueling" slows down nuclear reactions 
and supports the star; ii) the time-prolonging effect is a very sharp function 
of the environmental DM density times the elastic scattering WIMP-baryon 



cross section, see e.g. Fig. 3 in [13|, thus permitting to define a critical 



DM density (once picked the baryon-DM scattering cross-section value); Hi) 
the final fate of the star (SN/BH) is unchanged, mainly because of the little 
effects of capture during the late stages of stellar evolution, see (l2|. 

An idea for detecting capture dominated Dark Stars 

The idea I propose relies on all of the properties mentioned above: a single 
PopIII star fueled by captured DM will live as long as the external DM density 
will stay above the critical DM density (see Fig. 6 in for a dependence 
of the critical DM density as a function of stellar mass), or the star itself 
moves out of the DM reservoir. In [il we estimated this time, Ar^, as of 



O (10 yr), the typical timescale of a major halo merger at redshifts z ~10, 
relevant for PopIII stars. I will adopt this number -taken as a value aver- 
aged over the population- for practical purposes and comment more about 
it later. As a consequence of the life-prolongement, capture dominated Dark 
Stars will contribute differently than a standard PopIII to Reionization and 
stellar formation feedback in the early Universe; the consequences of this in 
terms of detectability of Dark Stars has been addressed with a first dedicated 



study by [IJ]. Another remarkable fact is that Ar^ is much bigger than the 
typical lifetime of massive stars, r* ~10^yr, and of the Hubble time at z~10. 
Therefore, whereas in a standard scenario the birth and death of massive 
PopIII are instantaneous on cosmological timescales, they will differ of At^ 
in a capture Dark Star one. In terms of population, this may result in a delay 
of the PPSN rate, which will be more appreciable at higher redshift, where 
the ratio between Ar^ and the Hubble time is bigger. In Figured], I show the 
effects of different Ar^ on a PPSN rate. For this simple exercise I have taken 
the PopIII stellar formation rate (SFR) from the self-consistent reionization 
models from p^] and converted it into a PPSN rate by assuming a monochro- 
matic initial mass function (IMF), M,,=150Mq; conversion of different SFRs 
and IMFs is trivial, and the shift effect does not change qualitatively. The 
most remarkable features are the absence (or drastic reduction) of PPSN 
event until redshifts corresponding to Hubble times bigger than Ar^, and 
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Figure 1: Shift of the PPSN rate as a consequence of a "hfe prolongement" effect due 
to DM capture on massive PopIII stars. The standard rate (sohd hne) is obtained by 
Fig. 3 in Choudhury & Ferrara (2005), the dotted, dot-dashed, and dashed hues are for 
At^—5x10'^, 5xl0^,10^yr, respectively. 



the appearance of events at lower redshifts, where there wouldn't be any in 
the standard case. However, the detectability of these features will be trou- 
bling: whereas the first relies on the capability to observe Pair Production SN 
at extremely high redhisfts, the latter, of intrinsic easier accessibility, would 
require (even more than the first) a detailed knowledge of the PPSN rate at 



low redshifts. Several authors have estimated it, see e.g. [16|, but the results 
obtained are extremely sensitive to the properties of the Population III (as of 
now yet unaccessible with direct observations) and the quoted numbers vary 
of orders of magnitude. Hopefully we will have gathered more and enough 
knowledge to develop a methodology based on this idea by the JWST era, 
and then it will be time to discuss its feasibility and the disentanglement of 
the information; however, it is possible to briefly comment on some intrinsic 
constraints to its basis with elements at our hand as of now. In particu- 
lar, Ar^ will depend and be limited by: i) the self annihilation time of the 
DM cusp on which the star is "sitting"; ii) the depletion of an overcritical 
DM density by the star's own capture and use; in) the deplacement of the 
star with respect to the cusp or the cusp disruption for friction, tidal effects 
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etc; the latter can take place as a consequence of a merger, and its typical 
timescale at z~10 is of O (lO^yr). Concerning the self-annihilation timescale 
of the DM cusp, by taking a poM ~10^^GeV/cm^ (of the order of the crit- 
ical densities for massive stars, by assuming a spin-dependent elastic scat- 
tering cross-section with baryons (To=5xl0"^^cm^), and non exotic WIMP 
parameters such as mass m^=100GeV/c^ and {av)—3xl0^^^cm^ /s, one gets 
Tsa ~10^'^yr; this is the timescale on which the self-annihilation of the DM 
cusp outside the star will bring it below the critical density for life-prolonging 
effects on the star. The star also contributes to DM depletion by using it in- 
stead of nuclear burning to sustain itself: in one-dimensional models based on 
the Adiabatic Contraction, one typically finds that approximately O (IM©) 
of DM is concentrated at supercritical densities around the star; for objects 
of M*~15OM0 with characteristic luminosities of O {IO^Lq ~10^^erg/s) this 
reservoir takes approximately ^lO'^yr to be exhausted or lowered to un- 
dercritical densities (in principle accretion can bring more DM in the region 
surrounding the star, however the clue-issue is that the DM density has to 
stay supercritical to have the dramatic life-prolongement effect required for 
this framework). This back-of-the-envelope calculation based on central pa- 
rameter values, show that Ar^ has an upper limit of approximately 10^°yr, 
whereas a more reasonable value seems to lie in the range lO^yr; our knowl- 
edge of this parameter will definitely benefit from dedicated high resolution 
simulations of the central regions of a primordial star forming halo, as well 
as of the behavior of a central baryonic object and of the DM during mergers 
of small halos at high redshifts. 

I acknowledge fruitful conversations with A. Ferrara and M. Kamionkowski. 
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